ABSTRACT The charge controller can greatly improve the hysteresis of the piezoceramic without the sensor. It is widely used in open-loop controlled nano-positioning systems. However, conventional charge controllers are not suitable for synchronous high linear operation of multiple piezoelectric actuators. This paper proposes a novel charge control scheme which can be used for synchronous high linear operation of multiple piezoelectric actuators. The control scheme combines similar control and traditional charge control. We verify the feasibility of this control scheme through experiments. The trajectory deviation between the two piezoelectric actuators reaches 0.79% of the travel range, while their respective trajectory errors do not exceed 1.2%. Because the controller in this paper has a simpler grounding configuration, it can also replace the traditional charge controllers for high linearity operation. The experimental results show that the charge controller achieves 0.65% positioning error of the piezoelectric actuator with grounding configuration. In addition, a T-type resistor network has also been introduced into the charge controller, which enables low-frequency linear operation of piezoelectric actuators with small capacitance.
I. INTRODUCTION
Piezoelectric ceramics are electronic components that directly convert voltage into micro-displacement. It is often used to make sounding elements such as buzzers. Because of its small size, high displacement accuracy and large output force, it is widely used in the field of nano-positioning, such as the scanning platform of Atomic Force Microscope (AFM) [1] , the adaptive optical deformable mirrors [2] , and microgripper [3] Hysteresis, creep and mechanical resonance are the basic characteristics of piezoelectric ceramic actuators, which make it unsatisfactory in high linear operation [4] - [6] . In order to obtain a highly linearized displacement operation on a piezoelectric actuator. Some feasible methods have been proposed. The most widely used method in the industrial field is feedback control. Representative examples include proportional integral differential [7] , [8] and proportional double integral control [9] . However, these control methods
The associate editor coordinating the review of this manuscript and approving it for publication was Hui Xie. require a high precision displacement sensor and the control accuracy is limited by the noise of the sensor. Based on long-term research on ferroelectric materials, feedforward control methods have been introduced into the control of piezoelectric actuators. The inverse model of hysteresis and creep is used to realize the linear operation of piezoelectric actuator [10] - [12] . Although this method does not require a sensor, the model uncertainties usually limits the positioning accuracy to 1%-3% of the actuation range [13] , [14] . And its complexity limits its application [14] , [15] .
Charge control is another control scheme in addition to feedback and feedforward control. Since the charge controller controls the output displacement of the piezoelectric actuator by controlling the amount of charge, it does not require a sensor and the circuit structure is simple. However, a longstanding problem with conventional charge controllers is the limited low frequency performance and the ability to have no ground configuration. To cope with this challenge, Fleming and Moheimani proposed a charge controller with a grounded configuration [16] and used it in an AFM [17] . But this method requires a high-performance differential amplifier and its low-frequency performance hasn't be dramatically improved. Later, Fleming proposed an active DC stabilized charge controller to solve the limited low-frequency performance [18] , but the piezo-electric actuators still have no grounding configuration. A charge controller with a grounded configuration function and active DC stability has been proposed but the circuit structure is complicated [19] .
Most of the above methods, developed for high linear operation, use a single piezoelectric actuator [as shown in figure 1(a) ], and they are unsuitable for synchronous high linear operation of multiple piezoelectric actuators. This lead to a synchronous linear operation of multiple piezo-electric actuators does not occur in a known control schemes. However, the advantages of using multiple piezo-electric actuators are obvious. First, the synchronous operation of a plurality of piezoelectric actuators can achieve a multiple increase in thrust. Second, it enables high-precision position control of large-sized components, which often occurs on large-sized optical components. In closed loop control, a similarity-base feedback control scheme reduces the position error to 0.3% of the travel range [20] , which uses two piezoelectric actuators. Based on this we propose a multi-piezoelectric charge controller (MPCC) that can be used for synchronous linear operation of multiple actuators. As the control block diagram of this method shown in Figure 1(b) , it must use at least two piezoceramic actuators. One of the piezoelectric actuators uses charge feedback control while the other one use no feedback control. The scheme achieves high linearity open-loop control of a plurality of piezoelectric actuators by the principle of similar control. This solution is simpler than the Fleming solution in the ground configuration and does not require a high performance differential amplifier. Adding a nonlinear feedback loop to the scheme can also achieve adjustable positioning accuracy.
The typical charge controller principle and control results are described in Section II of this paper. The working principle of MPCC is shown in Section III. The experimental implementation of the MPCC scheme is presented in Section IV. The experimental results were analyzed and discussed in Section V. A conclusive summary is given in Section VI.
II. TYPICAL PIEZOELECTRIC CHARGE CONTROLLER
The principle of a typical charge controller is shown in Figure 2 (a). It is assumed that the piezoelectric actuator is an ideal capacitor, and the operational amplifier is also ideal. The charge actually passing through the piezoelectric ceramic has the following expression:
where Q act is the charge actually passing through the piezoelectric actuator C p , C 1 is the input capacitance of the charge controller, V in is the input voltage, and V out is the output voltage of the charge controller. Since the displacement of the piezoelectric actuator is linearly related to Q act , if the V in is linear, the displacement of the piezoelectric actuator will also be linear. To prevent low frequency drift, Yi and Veillete provide a solution [as shown in Figure 2 (b)] by using a resistive DC feedback path, so there is no need to initialize the circuit [21] . Their method is very simple, just connect the resistors R 1 and R f separately on C 1 and C p . Its transfer function is as follows:
It can be seen from the transfer function that there is a zero and a pole in the circuit. The zero is s = − 1/(R 1 C 1 ) and the pole is s = − 1/(R f C p ). In order to minimize the effects of zero and pole on the gain, set R 1 C 1 = R f C p . The frequency of the input signal in practical applications is as far as possible from the zero point and the pole. The relationship between the input and the output voltage is as follows:
The basic charge controller can only reduce the trajectory error of the piezoelectric actuator to 1%-5% of travel range. In order to further reduce the nonlinearity, Yang proposed a nonlinear charge controller NCC [22] . They assume that the hysteresis behavior of piezoelectric ceramics can be equivalent to a variable capacitance C p . By introducing a nonlinear feedback loop, the NCC reduces the positional error of the piezoelectric ceramic actuator to about 0.4%. Figure 4 shows the circuit principle, where K 1 is inverted with a constant value of −1, and the value of K 2 is reciprocal to the gain of the charge amplifier, i.e., K 2 = C p / C 1 . The relationship between the output voltages V out and V in is thus:
Since K 3 and C p are both small, V p is very small. The relationship between V p and V in is thus expressed as follows:
Generally, piezoelectric actuators driven by open-loop voltage controllers produce large trajectory error that are approximately 10%-20% of the actuation range. The position error can be reduced to 1%-5% of the actuation range using a linear charge controller (LCC). The position error can be further reduced by using a NCC. We validated this conclusion using a stacked piezoelectric actuator (AL1.65 × 1.65 × 5D-4F, TOKIN) and setting the controller's voltage gain to a fixed value of 20. The results show that the voltage controller causes the largest displacement at the same input signal, which is about 3.78 µm. However, its trajectory error is the largest, about 12.52%. NCC is the smallest trajectory error, about 1.09%. But its displacement is also the smallest, about 3.01 µm. Figure 3 shows these conclusions. Although the trajectory error of the LCC scheme is not as good as that of the NCC, the structure of LCC circuit is simpler than the NCC.
Theoretically, the NCC can reduce the trajectory error to zero, but it cannot reach zero due to the influence of piezo-electric ceramic hysteresis asymmetry and phase lag. This phenomenon is particularly prominent in small-stroke piezoelectric actuators. The connecting wire between the piezoelectric actuator and the high voltage amplifier will also introduce electrical noise and the drive current of the actuator will be affected by the output performance of the preamplifier. Moreover, it is worth noting that the charge controller's operating frequency below a certain frequency will be degraded to a voltage driver. 
III. MULTI-PIEZOELECTRIC CHARGE CONTROLLER
By connecting a piezoelectric actuator of the same type to the output of the conventional charge controller, this forms the most basic two-piezoelectric charge controller. If two external piezoelectric actuators of the same type are connected, it is a three-piezoelectric charge controller. By analogy, if N piezoelectric actuators of the same type are connected, it is a N+1 piezoelectric charge controller. Although the external N piezoelectric actuators are not directly controlled by charge feedback, they have a grounded configuration. In addition, a good control results require not only the same type of piezoelectric actuators but also the capacitance of these piezoelectric actuators to be as equal as possible. The specific reasons will be detailed later in this section. Figure 5 shows the basic structure of the controller. In figure 5 (b), K 1 is the gain of the preamplifier, and the experiment is set to a fixed value of −1. Assume that the capacitances of these piezoelectric actuators have the following relationship:
If op-amps are ideal, the charge between these piezo actuators is as follows:
From equation (1) we know that Q p1 is linear with the input voltage V in under ideal conditions, then we can conclude that Q p2 (Q p3 , Q p4 etc., is equivalent to Q p2 ) also has a linear relationship. This means that when the displacement of Piezo1 is linear, a linear displacement will also be obtained on Piezo2. Ideally, you can drive countless actuators of the same type, but this is obviously not feasible considering the phase lag and the drive power of the op-amp.
Since the control scheme does not change the feedback network of the conventional charge controller, it is easy to add an adjustable nonlinear feedback network to achieve better linear operation of these actuators. As shown in the figure 6, for the convenience of description, only one external piezoelectric actuator is shown here. Considering the effect of hysteresis equivalent capacitance on the displacement nonlinearity of the charge controller [22] , we write C p1 as C p1 + C p1 and C p2 as C p2 + C p2 . The voltage of Cp2 is thus:
Then consider the effects of K 2 and K 3 in the nonlinear loop. The charge on Piezo2 can be obtained from equation (4) as follows:
It is obvious from the equation (9) that the charge of Piezo2 can be controlled not only by V in but also by K 3 . In addition, the similarity of Piezo1 and Piezo2 will also affect the final controller effect, especially the capacitance of Piezo1 and Piezo2. If other actuators such as Piezo3 are also connected to the controller, they can be equivalent to Piezo2. It can be seen from the Figure 6 (a) that the driving current (or charge) of the Piezo2 actuator is I 2 , which is not affected by the performance of the preamplifier. If only Piezo2 is used as the actual piezo actuator and the Piezo1 is used only for feedback, the Piezo2 will have a excellent grounding configuration. In the solution of the grounding scheme proposed by Fleming and Moheimani, the high voltage amplifier drives a combination of a capacitor and a piezoelectric actuator. Thus the driving power of the actual piezoelectric actuator will be affected by the series capacitance, and we don't need to worry about this in the MPCC. 
IV. EXPERIMENTAL IMPLEMENTATION AND CONTROLLER DESIGN
The principle of MPCC explained in the section III demonstrates the feasibility of high linear operation of multipiezoelectric actuators in theory. This section will design a two-piezoelectric charge controller and experimentally verify its feasibility for linear operation with multiple piezoelectric actuators. Figure 7(a) shows the detailed circuit principle of the controller, and Figure 7(b) shows the controller. The highvoltage amplifier HVA uses the APEX PA85 with high input impedance and high voltage slew rate. The adjustable gain K 3 consists of a 20 k fixed value resistor and a 100-step 1 k linear digital potentiometer as shown in the red circle in Figure 7 (a). Thus K 3 can be adjusted to a maximum of 0.05 and the minimum can be adjusted to 0. Sufficient to deal with the remaining 1%-5% displacement nonlinearity. In the experiment, Piezo2 has the smallest displacement trajectory deviation by adjusting the value of K 3 . When K 3 is set to 0, the nonlinear feedback loop is disabled. The Piezo1 is mounted directly on the control board and the Piezo2 is connected to the control board through a shielded cable.
In order to verify the effectiveness of introducing a T-type resistor network into the DC feedback network to improve the low-frequency performance of the controller, we compared The experimental setup is shown in Figure 8 (c), which consists of three parts. The first part is the signal source, we use a digital function generator (AFG3022B, Tektronix). The second part is the charge controller, which is mainly composed of a high voltage power supply, a driving board and two stacked piezoelectric ceramic actuators of the same type (AL1.65 × 1.65 × 5D-4F, TOKIN). The third part is the measuring device, which is used to collect voltage and displacement data, which are completed by data acquisition card (cRIO-9030, NI) and laser interferometer (XL-80, Renishaw). The laser interferometer is a standardized instrument that has been used to measure the deformation of piezoelectric ceramics [23] . In this experiment, a modified Michelson interferometer was used, which measures the displacement principle of a stacked piezo-electric actuator [as shown in Figure 8(a) ].
The piezoelectric actuator pushes the right-angle prism to make a horizontal linear motion, while the other right-angle prism is fixed. The optical path difference between the two right-angle prisms changes as the displacement of the piezoelectric actuator changes. The interferometer converts the optical path difference into displacement information and uploads it to the computer.
Since the selected piezoelectric ceramic actuator has a small capacitance (84 nF), it is impossible to form a DC feedback network in parallel with a suitable values resistor to match the low frequeny operation of the piezoelectric controller. To solve this problem, we configured it as a T-resistor network for DC feedback. R f1 , R f2 and R f3 in Figure 7 form the T-type resistor network of the controller. It can be equivalent to a large resistance R f , the expression is as follows:
Measuring device noise is a key indicator. In order to be as accurate as possible, we have configured the interferometer with an environmental compensation function that includes real-time acquisition of atmospheric pressure, humidity and temperature [as shown in Figure 8 (b) ] while correcting the measurement results. These make the interferometer measurement resolution as high as 1 nm. 
V. EXPERIMENTAL RESULTS AND DISCUSSION
This section covers the design of nonlinear charge controller performance results and the actual situation of the MPCC controlling two piezoelectric actuators. The amplitude frequency characteristic evaluates the important parameters of a piezoelectric controller. We tested the amplitude frequency characteristics of the controller with load actuator C p2 , as shown in Figure 9 . The frequency of the amplitude frequency characteristic is from 0.1 Hz to 1050 Hz without over-compensation correction. Since the case of K 3 = 0, the nonlinear feedback loop is not working. Therefore, we further tested the frequency characteristics of the controller after compensation correction (when K 3 = 0.007), the frequency from 0.1 Hz to 105 Hz. It can be seen from the figure 9 that the −3 dB bandwidth of the controller is about 300 Hz, and the amplitude-frequency characteristics of K 3 = 0.007 and K 3 = 0 are almost the same below 105 Hz. Since the piezoelectric ceramic actuator used in the experiment has a small capacitance, the phase lag at the low frequency is not remarkable, so the phase frequency characteristic is not shown here.
In nanopositioning design, piezoelectric actuator mostly work at lower frequencies. In order to improve the low 90746 VOLUME 7, 2019 frequency performance of charge controller, we configured the resistive DC feedback network in the charge controller as a T-type resistor network. The controller without the Ttype network uses R 1 = 107.5 k , C 1 = 1.69 µF, R f = 2.15 M , C p1 = 0.083 µF. Considering the sensitivity of the large resistance to temperature and humidity, R 1 and R f don't choose too much resistance. But the controller of the T-type resistor network has R 1 = 750 k , and R f is replaced by resistors R f1 , R f2 and R f3 , where R f1 = R f2 = 100 k and R f3 = 676 . These three resistors can be equivalent to a 15 M resistor. The other parameters are the same as those of the controller without a T-type network. Thus the controller's transition frequency is reduced from 0.89 Hz to 0.13 Hz. To better illustrate the displacement trajectory deviation of the piezoelectric actuator, the maximum tracking error (MTE) is used. Its expression is as follows:
where E i is the tracking error of the piezoelectric actuator, D is the motion range. Figure 10 shows the control results with T-type network charge control. At K 3 = 0.007 and the frequency is 2 Hz, the MTE is reduced from 3.56% to 1.02%.
The trajectory consistency of the two piezoelectric actuators is an important evaluation index of the control scheme. We experimented with the control of two piezo-electric actuators under the input of a triangular wave of the same amplitude (amplitude 4.5V) but different frequencies (0.5, 1, 2, 5 and 10 Hz). Take the 5 Hz input signal as an example to illustrate part of the experimental process. The nonlinear charge controller is used under the input of the 5 Hz triangular wave signal. After fine tuning K 3 to 0.007, the controlled actuator (Piezo1) has the smallest displacement error. Then, K 3 is kept unchanged and an external piezo-electric actuator (Piezo2) is connected, and its capacitance C p2 is 0.082 µF. Although their capacitance difference is 1 nF, their trajectory deviation is only 24 nm (about 0.8% of the travel range), and the results are shown in figure 11(b) . Finally, we fine-tuned K 3 to 0.008, the MTE of Piezo2 decreased from 1.02% to 0.65%. Figure 12 (b) shows this result.
By comparing the results of K 3 = 0 and K 3 = 0.007, it is found that the maximum trajectory error of Piezo1 is reduced from 0.126 µm (about 4.02% of the travel range) to 0.027 µm (about 0.89% of the travel range). The maximum trajectory error of Piezo2 has been reduced from 0.125 µm (approximately 4.07% of the travel range ) to 0.031 µm (approximately 1.02% of the travel range). The results show that the nonlinear feedback network is also effective for improving the linearity of the synchronous operation of several piezoelectric actuators. The results of Figures 12(a) and (b) verify this conclusion.
In order to better illustrate the consistency of the trajectory, we use the maximum error of the Piezo2 trajectory deviating from Piezo1 (MTE p2−p1 ). Its expression is as follows:
where δ D1 is the motion range of Piezo1, D1 i is the displacement of Piezo1, and D2 i is the displacement of Piezo2. The control effects of the controller at different frequencies are shown in Figure 13 . It can be seen that MTE p2−p1 is not equal to zero due to the difference between the two piezoelectric actuators.
Since the transition frequency of the circuit is 0.13 Hz, the effect of the nonlinear feedback loop becomes worse when it is close to the transition frequency, resulting in deterioration of both MTE and MTE p2−p1 at low frequencies. Moreover, although the difference between the two piezo-electric actuators makes their trajectories not completely overlap, it can cause the trajectory deviation of Piezo2 to further decrease. In the experiment, we changed the value of the compensation factor K 3 from 0.007 to 0.008, resulting in an improved linearity of the displacement of Piezo2. Figure 13 (b) shows this results (grey curve). This means that if we only use Piezo2 as the actual actuator and Piezo1 is used for feedback charge, the control effect will be improved compared to the traditional charge controller.
The hysteresis of piezoelectric ceramics is a complicated process. Although the positional error caused by the hysteresis of piezoelectric ceramics can be greatly reduced by charge control, the positional error is further increased with the increase of frequency as shown in Figure 14 . 
VI. CONCLUSION AND FUTURE WORK
Based on a typical charge controller, this paper proposes a charge controller that can be applied to synchronous linear operation of multiple piezoelectric actuators. Compared to conventional charge controllers, it not only achieves synchronous linear operation of multiple piezoelectric actuators, but it also provides a good grounding configuration for actual actuators. The experimental results show that the tunable nonlinear feedback network reduces the trajectory error of the piezoelectric actuator to 0.65% of the travel range, which is equivalent to an improvement of the nonlinearity by more than 90%. The T-type resistor network reduces the transition frequency of the controller to 0.13 Hz. The trajectory deviation between the two piezoelectric actuators reached 0.79% of the travel range, while their respective trajectory errors did not exceed 1.2%. These show good synchronicity and trajectory linearity. These experimental results verify the feasibility of the MPCC scheme for nano-positioning operations. In addition, the control scheme is easy to implement and low cost. In order to further improve the low frequency performance of the controller, future work will focus on adding active DC stabilized circuits. ZHIMING XING received the B.S. degree in the measurement and control technology and instrument from Qufu Normal University. He is currently pursuing the M.S. degree in instrument engineering with the University of Shanghai for Science and Technology. His research interests include modeling and designing of atomic force microscope systems.
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